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By means of one-step model calculations the strong in-plane anisotropy seen in angle-resolved pho-
toemission of the well-known iron pnictide prototype compounds BaFe2As2 and Ba(Fe1-xCox)2As2
in their low-temperature antiferromagnetic phases is investigated. The fully-relativistic calculations
are based on the Korringa-Kohn-Rostoker-Green function approach combined with the coherent
potential approximation alloy theory to account for the disorder induced by Co substitution on Fe
sites in a reliable way. The results of the calculations can be compared directly to experimental
spectra of detwinned single crystals. One finds very good agreement with experiment and can re-
veal all features of the electronic structure contributing to the in-plane anisotropy. In particular the
local density approximation can capture most of the correlation effects for the investigated system
without the need for more advanced techniques. In addition, the evolution of the anisotropy for
increasing Co concentration x in Ba(Fe1-xCox)2As2 can be tracked almost continuously. The results
are also used to discuss surface effects and it is possible to identify clear signatures to conclude
about different types of surface termination.
I. INTRODUCTION
Nowadays the family of iron pnictides is a well-
established and important prototype system for uncon-
ventional high-temperature superconductivity. Starting
with the first famous compound La(O1-xFx)FeAs
1,2 in
2008, today several different sub-families with a wide
structural variety are known.
All different groups of iron pnictides share some com-
mon physical properties, such as their interesting and
sometimes puzzling magnetic behavior. Most compounds
show a phase transition at low temperatures from a
tetragonal to an orthorhombic crystal symmetry which
is typically accompanied by the formation of long-range
antiferromagnetic order.3,4 It is common believe that the
suppression of these phase transitions for example by
chemical substitution is crucial for the emergence of un-
conventional superconductivity.5,6 Although it is obvious
that an understanding of the magnetic fluctuations in the
iron pnictides is mandatory to unveil the physics under-
lying the superconductivity, this task has proven to be
more complex than anticipated.6–8
For example, there was discussion in the literature
whether the magnetic moments are better described by
an itinerant6,7,9–11 or a localized12–14 model and there
is up to now no consensus concerning the role of corre-
lation effects15–18. Furthermore, the magnitude of the
magnetic moments is difficult to reproduce within den-
sity functional theory (DFT) and it is known to be quite
sensitive to computational parameters.3,8,19–21
One of the most important experimental tools to get
insight into the electronic structure of the iron pnictides
is angle-resolved photoemission spectroscopy (ARPES).
There are numerous publications on this topic, although
it was shown that DFT calculations have typically prob-
lems to reproduce all features of the ARPES spectra
correctly.17,22–25 This is often ascribed to strong cor-
relation effects, although this question is still under
discussion.17,26,27
Another important difficulty which so far is often ig-
nored is the connection between the magnetic phase of
the iron pnictides and the resulting consequences for
ARPES. This is due to the formation of twinned crys-
tals during the phase transition from tetragonal to or-
thorhombic and it results in mixed magnetic domains
which are orthogonal to each other. Macroscopic tools
like ARPES or transport measurements can so only
see the averaged information, while information on the
anisotropy is lost.28,29 This is a huge drawback consid-
ering a comprehensive study of the electronic structure
in the iron pnictides, as it is known that the in-plane
anisotropy plays a significant role.30–32 In experiment it
is possible to effectively detwin the crystals by applying
uniaxial stress during the measurement. This was al-
ready done successfully for the 122-prototype BaFe2As2
in the undoped and in the Co-doped case. However, such
measurements are connected with several technical diffi-
culties and consequently they are rarely done.28,29 Yet,
to fully understand the electronic properties of the iron
pnictide superconductors in a comprehensive way and to
get a deeper insight concerning the influence of the in-
plane anisotropy in the magnetic phase such studies are
absolutely mandatory. Although there is nowadays ex-
perimental data on detwinned crystals showing clearly
the anisotropy in the Fermi surface there is hardly any
theoretical work focusing on this problem of magnetic
anisotropy in ARPES data.
In this work this issue is addressed by a comprehensive
DFT study on the magnetic phase of Ba(Fe1-xCox)2As2
and on the corresponding ARPES spectra. The compu-
tational results can be directly compared to the available
experimental ARPES data on detwinned crystals.28,29
In order to deal with this complex situation the
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2Korringa-Kohn-Rostoker-Green function (KKR-GF) ap-
proach is used, which was already shown to be indeed
a very useful and accurate tool to deal with the iron
pnictides.33 The impact of disorder due to substitution is
dealt with by means of the coherent potential approxima-
tion (CPA), giving results fully compatible to supercell
calculations and more reliable than those based on the
virtual crystal approximation (VCA).33
II. COMPUTATIONAL DETAILS
All calculations have been performed self-consistently
and fully relativistically within the four component
Dirac formalism, using the Munich SPR-KKR program
package.34,35
The orthorhombic, antiferromagnetic phase of
BaFe2As2 is investigated in its experimentally observed
stripe spin state using a full 4-Fe unit cell. This implies
antiferromagnetic chains along the a- and c-axes and
ferromagnetic chains along the b-axis. The lattice pa-
rameters where chosen according to experimental X-ray
data and the experimental As position z.19 To account
for the influence of substitution in Ba(Fe1-xCox)2As2
a linear interpolation for the lattice parameters with
respect to the concentration x is used based on avail-
able experimental data19,36 and Vegard’s law37. More
details on the procedure can be found in a previous
publication.33 The treatment of disorder introduced by
substitution is dealt with by means of the CPA. The ba-
sis set considered for a lmax = 4 including s, p, d, f and
g orbitals. For the electronic structure calculations the
local density approximation (LDA) exchange-correlation
potential with the parameterization given by Vosko,
Wilk and Nusair was applied.38
The spectroscopical analysis is based on the fully rela-
tivistic one-step model of photoemission in its spin den-
sity matrix formulation. For more technical details on
these calculations see Ref.39,40. The geometry of the
spectroscopy setup was taken from experiment includ-
ing a tilt of the sample around either the a or b axis.
The incident light hit the sample under a constant po-
lar angle θlight = −45◦ and an azimuthal angle φlight of
either 180◦ or 270◦. These geometries are referred to
as q||AFM and q||FM, meaning the direction of the inci-
dent light is either parallel to the antiferromagnetic or
the ferromagnetic in-plane directions. The correspond-
ing electrons were collected with an angle φelectron of 0
◦
or 90◦ and a varying angle θelectron between −15◦ and
15◦. This geometry is in line to the experimental setup.
If not indicated otherwise, an As-terminated surface was
chosen. However, the question of surface termination will
be discussed in more detail in the following.
III. RESULTS AND DISCUSSION
A. Magnetic moments
To describe the anisotropy of the iron pnictides in
ARPES calculations reasonably well one needs first to
ensure that the spin-dependent potentials from the self-
consistent field (SCF) calculations are accurate enough.
Obviously, the magnetic ordering plays a significant role
concerning the anisotropy of the electronic structure and
hence the quality of the theoretical description of the
ARPES spectra is determined by the quality of the spin-
dependent potentials.
The most meaningful indication for a proper descrip-
tion of the magnetic state is good agreement with ex-
perimental data on the magnetic order. For the iron
pnictides this is known to be a non-trivial task as the
magnetic moments are often overestimated by DFT.7,8,16
For the undoped mother compound BaFe2As2 a to-
tal magnetic moment of 0.73µB was obtained. Experi-
ment reports a total magnetic moment of approximately
0.9µB from neutron diffraction
3,41 while 57Fe Mo¨ssbauer
spectroscopy19,42 and µSR spectroscopy43,44 coherently
give a value of around 0.5µB. Hence, the calculated to-
tal magnetic moment is found in good agreement with
experiment and captures the proper order of magnitude
accurately.7–9,16,45,46
More importantly, the CPA allows to evaluate the
substitution dependent self-consistent evolution of the
magnetic moments with increasing Co concentration in
Ba(Fe1-xCox)2As2. The corresponding results are shown
in Fig. 1, where the results for spin and orbital magnetic
moments are given in an atom-resolved way. The total
magnetic moment is calculated as substitutionally aver-
aged sum over all contributions.
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FIG. 1. (Color online) Magnetic spin moments (ms) and or-
bital moments (mo) of Fe and Co for increasing Co substi-
tution x. The black line corresponds to the total (spin and
orbital) magnetic moment which is the substitutionally av-
eraged sum over all other contributions. The left axis corre-
sponds to the spin magnetic moments ms, while the right axis
shows the orbital magnetic moments mo.
3In agreement with experiment the total magnetic mo-
ments shows a nearly linear decay until the long-range
magnetic order disappears.47 In the calculations the crit-
ical Co substitution for the disappearance of antifer-
romagnetic order occurs for xcrit = 0.15, which is in
reasonably good agreement with the experimental value
xcrit,exp ≈ 0.07.45,48 It should be mentioned that the re-
sults in Fig. 1 are slightly improved with respect to ex-
periment in comparison with our previous work33 due to
the higher lmax expansion used here. However, the trends
in the magnetic moments and the resulting conclusions
are the same.
B. Anisotropy of the undoped compound
As the one-step model of photoemission fully accounts
for matrix-elements as well as for surface effects the re-
sulting spectra can be directly compared to experimental
ARPES data.
As stressed before, it is extremely difficult to see the
magnetic anisotropy correctly in experimental spectra
because of the twinning of crystals. Here reference is
made especially to the work of Yi et al.28, who did re-
markable measurements on detwinned single crystals of
BaFe2As2 and Ba(Fe1-xCox)2As2 by applying uniaxial
stress to the crystals. Similar results were obtained for
example by Kim et al.29. In this context it is important
to note that the Brillouin zone (BZ) of the magnetic 4-Fe
spin-density-wave (SDW) state is only half the size com-
pared to the BZ in the nonmagnetic 2-Fe state. For that
reason it is most appropriate to use in the following the
notation for the 4-Fe SDW BZ where the information of
Γ¯ and X¯ from the nonmagnetic BZ is down-folded to one
Γ¯ point.28,49
In Fig. 2 the Fermi surface around the Γ¯ point is shown
in the SDW BZ as calculated from the spin-dependent po-
tentials for a photon energy of hν = 22 eV. The overlay of
black points corresponds to the experimentally measured
BZ, reproduced from the work of Yi et al.28. As can be
seen, the agreement of the calculated Fermi surface and
the experimental data is remarkably good. Characteris-
tic are the bright intensity spots along the kx-direction
(i.e. along a), corresponding directly to the antiferro-
magnetic order along the a-axis and the bigger pedal-like
structures along the ky-direction (i.e. along b) which cor-
responds to the ferromagnetic order along the b-axis.
It should be noted that in Fig. 2 the intensity over two
different light polarizations was averaged, namely for the
direction of the incident light either parallel to the anti-
ferromagnetic a-axis q||AFM or parallel to the ferromag-
netic b-axis q||FM. All features of the electronic structure
are visible for both polarizations of light. However, the
intensity patterns vary notably with the polarization due
to matrix element effects, indicating strong multiorbital
character, just as seen in experiment.28 If not indicated
otherwise this averaging will be applied in the following.
For comparison the two contributions to the total Fermi
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FIG. 2. (Color online) Calculated ARPRES spectrum map-
ping the Fermi surface at Γ¯ in the 4-Fe SDW BZ for a photon
energy of hν = 22 eV. The overlay of black points is a recon-
struction of the SDW BZ from experimental ARPES data,
reproduced from the work of Yi et al.28.
surface for hν = 22 eV are shown polarization-resolved in
Fig. 3, for the incident light direction being either paral-
lel to the b-axis q||FM (Fig. 3 (a)) or parallel to the a-axis
q||AFM (Fig. 3 (b)).
It can be seen that for q||FM the intensity of the bright
spots along the a-axis is significantly enhanced while for
q||AFM the intensity around the inner circle of Γ¯ is en-
hanced. This polarization dependence is again in full
agreement with the experimental findings.28
At this point it was shown that the detwinned, anti-
ferromagnetic Fermi surface obtained by the calculations
agrees very well with experiment. One may also ask how
the Fermi surface of a twinned, antiferromagnetic crystal
should look like and how does it differ from the non-
magnetic case. Therefore, the calculated Fermi surfaces
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FIG. 3. (Color online) Calculated ARPES spectra mapping
the Fermi surface for the polarization of light being either
parallel to the ferromagnetic b-axis (a) or parallel to the an-
tiferromagnetic a-axis (b).
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FIG. 4. (Color online) Calculated Fermi surfaces as seen by
ARPES for the nonmagnetic phase (a) and a hypothetical
twinned magnetic phase (b). The twinned calculation is based
on a superposition of two antiferromagnetic cells which are ro-
tated by 90◦ against each other. The overlay of black points is
reproduced from the experimental ARPES data of Yi et al.49
for both cases are shown in Fig. 4 and compared with
experimental ARPES data49 of twinned BaFe2As2 crys-
tals at T = 150 K (a) and T = 10 K (b). Please note
that the transition from a paramagnetic to an antiferro-
magnetic state occurs at around T = 140 K, accordingly
the experimental data shown as overlay of black points
corresponds to the nonmagnetic and the twinned anti-
ferromagnetic state, respectively. The representation of
the twinned Fermi surface is based on a superposition
of spectra obtained independently for antiferromagnetic
states rotated by 90◦ against each other which is sup-
posed to be a good approximation for twinned crystals,
see for example the work of Tanatar et al.50.
Comparing the nonmagnetic and the twinned antifer-
romagnetic state with each other it is obvious that there
is a significant difference in the shape of the Fermi surface
which is due to the underlying change of the electronic
structure during the magnetic phase transition. However,
the twinned Fermi surface is in principle isotropic along
kx and ky due to the fact that the in-plane anisotropy
cancels almost completely for two magnetic domains that
are rotated by 90◦ against each other. This means that
although some influence of the magnetic ordering can be
seen for twinned crystals, it is not possible to deduce in-
formation about the important in-plane anisotropy from
the corresponding spectra. This stresses again the im-
portance of ARPES measurements and calculations on
detwinned crystals to investigate the magnetic structure
correctly. To summarize, the agreement of the calcula-
tions with the experimental data is altogether quite well
for the nonmagnetic as well as for the twinned magnetic
state.
Going back to the original study of detwinned antifer-
romagnetic crystals the kz dispersion is shown along the
a- and b-axes in Fig. 5. The difference between Γ and Z
manifests itself mainly by the alternating intensity dis-
tributions. We find Γ for photon energies of hν =22 eV
and hν = 48 eV respectively, while Z can be found at
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FIG. 5. (Color online) Calculated kz dispersion as seen by
ARPES along the both in-plane real space axes a (a) and
b (b). The black lines mark the photon energies where the
alternation of Γ and Z can be seen along kz. Notably, the
vertical intensity stripes at kx ≈ ±0.2 A˚ in (a) seem almost
independent on kz, indicating some connection to a surface
related phenomenon.
hν = 34 eV . This is in good agreement with literature
which reports Z at hν = 35 eV and Γ at hν = 49 eV.51
The anisotropic features, namely the bright spots along
kx and the pedals along ky seem quite independent on
kz, which agrees with the experimental reports on the
detwinned crystals.28 For further discussion the Fermi
surfaces for hν = 34 eV and hν = 48 eV respectively
are shown in Fig. 6. The important aspect to note is
that the anisotropic features are preserved independent
on kz, meaning they are preserved for Γ as well as for Z.
However, the most striking anisotropy between the a- and
b-directions seen in the kz dispersion are the almost verti-
cal intensity lines along the a-axis for kx ≈ ±0.2 A˚. They
are surprisingly robust concerning the kz dispersion, al-
ready indicating possible surface related phenomena, as
will be discussed later in more detail.
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FIG. 6. (Color online) Calculated Fermi surfaces for two ad-
ditional photon energies hν = 34 eV and hν = 48 eV , cor-
responding to either Z (a) or to Γ (b). It can be seen that
the topology of interest, namely the anisotropic features are
principally independent on kz.
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FIG. 7. (Color online) Calculated bands as seen by ARPES depending on the polarization of light, q||FM (a-c) and q||AFM
(d-f), as well as on the orientation of the magnetic phase, either along the antiferromagnetic a-axis (a) and (d) or along the
ferromagnetic b-axis (c) and (d). The band structure of the nonmagnetic phase is shown for comparison in (b) and (e). The
solid green lines are guides to the eye for the important anisotropic bands in the magnetic phase. The black points in (a) are
reproduced from experimental data of Yi et al.28 indicating the cut at the Fermi level for the two important anisotropic bands
along the a-axis as seen by ARPES.
To complete the study of the in-plane anisotropy in
the undoped compound the spin-dependent bands are in-
vestigated polarization-dependent along the two in-plane
directions a and b for hν = 22 eV and for comparison the
isotropic bands of the nonmagnetic case. Anisotropies
due to the orthorhombic lattice distortion for the non-
magnetic case are very small and have no significant in-
fluence, as shown also in earlier work.33
The nonmagnetic bands for the polarizations q||FM and
q||AFM are shown in Fig. 7 (b) and (e), respectively. Al-
ready for the nonmagnetic case it becomes obvious, that
more information can be deduced for light with a polar-
ization parallel to the ferromagnetic chains. For a per-
pendicular light polarization the intensity for some bands
decrease so strongly that they practically seem to vanish.
This is however not due to a vanishing of the bands but
only due to the strong intensity variation, i.e. matrix
element effects, as already mentioned before and as seen
in experiment.
For the spin-polarized band structure with antiferro-
magnetic order along the a-axis the corresponding cases
for q||FM and q||AFM are shown in Fig. 7 (a) and (d),
respectively. The green solid lines are guides to the eye
which emphasize the two important anisotropic bands in
these spectra. First of all, there is some significant re-
orientation of the bands compared to the nonmagnetic
case. Most striking is the appearance of a steep double-u
shaped band which was not visible in the nonmagnetic
6case. This new appearance is most likely due to down-
folding of the Brillouin zone when going from the 2-Fe
cell to a magnetic 4-Fe cell. The second important band
is a pure hole pocket which is compared to the nonmag-
netic case shifted to higher binding energies. It should be
noted that the intensity of this band is extremely polar-
ization dependent. It is the dominating band for q||FM
while it is barely visible for q||FM. Comparing with the
polarization dependent Fermi surface in Fig. 3 it is ob-
vious that this band is also part of the bright intensity
spots in the Fermi surface along the a-direction and very
characteristic for the anisotropy. It is also noteworthy
that these two significant bands cross each other exactly
at the Fermi level. This crossing is also reported in ex-
periment as can be seen from the black points in Fig. 7
(a), which are reproduced from the experimental ARPES
data of Yi et al.28. Thus, the experimental ARPES data
could be again well reproduced by the calculations.
The situation for the magnetic bands with ferromag-
netic order along the b-axis as shown in Fig. 7 (c) and (f)
is in many aspects similar to that for the bands along the
a-direction. One can identify two prominent anisotropic
bands, one with a double-u like shape which has a higher
intensity for a light polarization of q||AFM, while the other
band marked with the solid green line is the dominating
one for light q||FM. The important difference is that these
bands do not touch each other as they are significantly
shifted away in binding energy. Note that also no cross-
ing is reported in experiment.28 Why these steep bands
with the double-u shape cannot be seen in experiment
for the b-direction gets also clear: The responsible band
is simply completely shifted above the Fermi level. This
observation can in principle be compared to the band
splitting in ferromagnets. Note that along the b-axis
there is ferromagnetic coupling while along the a-axis the
magnetic order is antiferromagnetic. Thus, for BaFe2As2
one sees along the ferromagnetic chains a band splitting
of approximately 0.2 eV for a magnetic moment around
0.7µB. This is comparable for example to Ni which shows
a band splitting of approximately 0.3 eV for a moment
of approximately 0.6µB.
52 Consequently, for decreasing
magnetic moments upon alloying one expects a reduced
band splitting together with a continuous matching of
the anisotropic bands. To investigate this issue in fur-
ther detail one has to look at the evolution of the ARPES
band structure for increasing Co substitution on the Fe
position which goes in hand with the reduction of the
magnetic moments.
C. Influence of Co substitution on the anisotropy
Substitution of Fe with Co in Ba(Fe1-xCox)2As2 is
one of the common ways to induce superconductivity in
BaFe2As2 by electron doping. The substitution does con-
sequently diminish the strength of the antiferromagnetic
coupling within this compound until the long-range mag-
netic order collapses and superconductivity emerges.36,48
As the strength of the magnetic order decreases with Co
doping, in experiment as well as in the calculations, it
can be assumed that the strong in-plane anisotropy does
also decrease. The breakdown of the long-range anti-
ferromagnetic order in Fig. 1 appears for a somewhat
higher Co concentrations than in experiment. Thus, the
breakdown of the anisotropy is expected at higher dop-
ing levels. This is true for a concentration of x = 0.15
in Ba(Fe1-xCox)2As2 which is the first substitution level
where the magnetic order did completely vanish in the
self-consistent calculation. Considering the evolution of
the magnetic moments in Fig. 1 one can see that the ini-
tial magnetic moment decreased to approximately 75%,
50% and 25% of the original value for Co substitutions
of x = 0.05, 0.10 and 0.125 respectively.
To investigate the impact of alloying in detail, the
ARPES band structure for these concentrations includ-
ing the already nonmagnetic x = 0.15 for both directions
a and b is presented in Fig. 8. The calculations are per-
formed for hν = 22 eV comparable to Fig. 7 but they
are only shown for a light polarization of q||FM because
is was already clarified that the anisotropic bands can
be best seen with this specific polarization. The black
dashed lines in Fig. 8 are shown for comparison and they
correspond to the band position of the anisotropic bands
in the undoped compound BaFe2As2 with the highest
anisotropy, seen in Fig. 7 (a) and (c). The green solid
lines are guides to the eye to identify more easily the
corresponding anisotropic bands for the specific Co con-
centrations. The difference between black dashed lines
and green solid lines is thus the change of the original
anisotropy with increasing Co substitution. For the case
of the nonmagnetic Ba(Fe1-xCox)2As2 with x = 0.15
shown in Fig. 8 (d) and (h) the anisotropy has com-
pletely vanished and the band structures coincide with
each other. This could be expected from experiment and
it is reproduced in the calculations. It should be noted
again at this point, that the crystal lattice is still or-
thorhombic, however, the lattice anisotropy is indeed too
weak to be visible in the band structure.33
Some other interesting findings can be deduced from
the evolution of the band structure upon Co substitu-
tion. First of all the intensity of the double-u shaped
band decreases continuously, however, it only completely
disappears after the collapse of the long-range antiferro-
magnetic order. The change in anisotropy for the anti-
ferromagnetic order along the a-axis is mostly character-
ized with the consequent shift of the hole-pocket to lower
binding energies. This is also experimentally reported for
a decrease in the magnetic coupling strength, either in-
duced through Co doping or increasing temperature.28
Concerning this situation for the ferromagnetic order
along the b-axis the most prominent feature is the shift
of the double-u shaped band to lower binding energies.
What can be seen in Fig. 7 (e) to (h) is that the en-
ergy difference of these two main anisotropic bands does
strongly and continuously decrease. This is in agreement
with the assumption of a smaller band splitting for de-
7-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
-0.4 -0.2 0.0 0.2 0.4
E
n
er
g
y
[e
V
]
kx
[
A˚
−1]
a-axis
(a) x = 0.05
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
-0.4 -0.2 0.0 0.2 0.4
kx
[
A˚
−1]
(b) x = 0.10
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
-0.4 -0.2 0.0 0.2 0.4
kx
[
A˚
−1]
(c) x = 0.125
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
-0.4 -0.2 0.0 0.2 0.4
kx
[
A˚
−1]
(d) x = 0.15 max
min
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
-0.4 -0.2 0.0 0.2 0.4
E
n
er
g
y
[e
V
]
ky
[
A˚
−1]
b-axis
(e) x = 0.05
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
-0.4 -0.2 0.0 0.2 0.4
ky
[
A˚
−1]
(f) x = 0.10
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
-0.4 -0.2 0.0 0.2 0.4
ky
[
A˚
−1]
(g) x = 0.125
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
-0.4 -0.2 0.0 0.2 0.4
ky
[
A˚
−1]
(h) x = 0.15 max
min
FIG. 8. (Color online) Calculated bands as seen by ARPES for different Co concentrations x in magnetic Ba(Fe1-xCox)2As2
depending on the axes a (a-d) and b (e-h) with a constant light polarization of q||FM to easily identify the important bands.
The black dashed lines correspond to the initial position of the anisotropic bands in the undoped compound, see Fig. 7. The
green solid lines are guides to the eye for the corresponding important anisotropic bands to see their change under increasing
Co substitution. Their anisotropy vanishes together with the long-range antiferromagnetic order at x = 0.15.
creasing ferromagnetic coupling strength.
In summary one can say that for the antiferromagnetic
order along the a-axis mostly the hole-pocket changes
while the double-u shaped band stays more or less con-
stant. For the ferromagnetic order along the b-axis it
is the other way round. The double-u shaped band un-
dergoes the strongest change while the other band stays
more or less unchanged in energy and shape. The final
result is the same in both cases, a matching of the bands
and a consequent isotropic in-plane band structure. This
detailed analysis allows to follow the change from the
strong in-plane anisotropy of the undoped compound to
the isotropic behavior in the Co substituted system in a
continuous way with direct correspondence to ARPES.
Thus, this approach based on KKR-CPA proves its ad-
vantages for investigating the iron pnictide superconduc-
tors at regions of interest which are difficult to evaluate
by means of other band structure methods.
D. Surface termination
Using the one-step model of photoemission one can
identify different surface states and can thus clarify the
origin of surface bands. The reason for the occurrence of
surface-states has long been developed in multiple scat-
tering theory, which is the underlying basis of the SPR-
KKR method.53,54 The so-called determinant condition
uses the reflection matrices of the bulk crystal Rb and
of the surface barrier potential Rv, which connects the
inner potential of the bulk crystal with the vacuum level.
The appearance of a surface state is given by the follow-
ing condition:
D(E,k) = det (11−Rb(E,k)Rv(E,k)) = 0. (1)
For better visualization we plot 1/|D(E,k)| in the follow-
ing. If this expression is bigger than approximately 103
we speak about a surface state. For values between 100
and 103 the state is defined as a so-called surface reso-
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FIG. 9. (Color online) Calculated Fermi surfaces and band structures for either an As-terminated surface (a) and (b) or a
Ba-terminated surface (c) and (d). The right side of each picture shows the corresponding plot of 1/|D(E,k)|, meaning a high
intensity indicates a possible surface state if this specific structure can be also identified in the regular electronic structure
calculation. Clear surface states can be identified for the As-terminated surface as bright spots in der Fermi surface (a) and as
corresponding steep bands in the band structure (b). These surface states are missing for a Ba-terminated surface.
nance. For values below one has bulk states. More details
can be found in the overview by Braun and Donath.55
The application of this determinant approach is
demonstrated in Fig. 9. Here one can see the Fermi sur-
faces and the band structures along the a-axis for an As-
terminated and a Ba-terminated surface, respectively, to-
gether with the corresponding plot of 1/|D(E,k)| on the
right hand side of each picture. The bands are shown for
hν = 22 eV and they are averaged over the two light po-
larizations q||FM and q||AFM in order to make all relevant
contributions equally visible.
It should be noted, that the determinant condition it-
self and without a high intensity in the corresponding
band structure plot is only an indication for a surface
state or a surface resonance. Only if a high intensity in
the 1/|D(E,k)| plot coincides with a band in the band
structure one can associate this band with a clear surface
character. For example has the bright octagon shape of
the determinant plot of the Fermi surface in Fig. 9 (a)
not a corresponding counterpart in the band structure
plot. The two high intensity spots along the a-axis which
are equally visible in the Fermi surface as well as in the
determinant condition are in clear contrast to this behav-
ior. Thus, this feature has a surface related origin, more
specifically a surface state as the intensity of 1/|D(E,k)|
is in the order of 106.
This surface state can be also identified in the band
structure along the a-axis as shown in Fig. 9 (b) where
a strong intensity in the determinant plot coincides with
the steep bands that cut the Fermi level and which are
part of the already discussed double-u shape. Conse-
quently, these bands can be identified as surface states.
This is in accordance with the earlier findings for the
kz-dispersion in Fig. 5 (a) where the vertical intensities
at kx ≈ ±0.2 A˚ were independent on kz, indicating a
connection to a surface related phenomenon.
Another verification for the surface related origin of
these bands is shown in Fig. 9 (c) and (d), where the cor-
responding Fermi surface and band structure are shown
for a Ba-terminated surface. As already indicated before
all other calculations presented in this paper are under
the assumption of an As-terminated surface. Obviously,
9the assumed surface termination has also an influence on
surface related phenomena and surface states might be
shifted significantly in energy. Indeed, the surface states
discussed for the As-terminated surface have completely
vanished in the Ba-terminated case. The corresponding
high intensities are missing in the 1/|D(E,k)| plots and
in the band structure of Fig. 9 (d) the characteristic steep
bands from the As-terminated surface have also vanished.
No intensities in the determinant plot coincide with fea-
tures in the band structure and thus surface effects have
been removed by the Ba termination. Overall, the Fermi
surface and the band structure have undergone signifi-
cant changes for the altered surface termination. The
characteristic anisotropic features of the Fermi surface in
Fig. 9 (a) are hardly visible in the Ba-terminated case in
Fig. 9 (c). It seems like the Ba layer on top acts as some
kind of damping layer which reduces the intensity and
blurs the electronic states which are clearly visible in an
As-terminated surface. In particular one has to note that
the agreement with experimental ARPES data is signif-
icantly better for an As-terminated surface compared to
the Ba-terminated one. Especially the steep bands along
the a-axis are seen in experiment28 and they could be
successfully identified as surface states which are only
visible for an As-terminated surface.
This result can be used for conclusions on the most
likely surface termination of BaFe2As2. Interestingly,
the surface termination in this material is still not clear
and under debate, although several experimental mea-
surements and theoretical calculations exist.56 Accord-
ing to first principle calculations only three possibili-
ties for the surface termination exist, namely a fully
As-terminated or a fully Ba-terminated surface as well
as an As surface covered with half of the stoichiometric
Ba atoms.57 There are experimental scanning tunneling
microscopy (STM) and low-energy electron-diffraction
(LEED) measurements which indicate a Ba-terminated
surface58. However, there are also experimental STM
+ LEED data which clearly favor an As-terminated
surface59. The ARPES calculations clearly favor an As-
terminated surface as it was shown that agreement with
experiment is considerably better compared to the Ba-
terminated one. This cannot rule out the possibility of
some partial covering with few Ba adatoms but one can
state that every Ba atoms on top muffles the electronic
structure seen in experiment and that this structure is
due to an As-terminated compound. So one would ex-
pect a more or less clean As-terminated surface as most
probable surface termination for BaFe2As2. Additional
covering with some Ba atoms might be possible but also
might have some degrading influence on the quality of
the ARPES measurement.
IV. SUMMARY
The Munich SPR-KKR package was used for self-
consistent and fully relativistic calculations of or-
thorhombic Ba(Fe1-xCox)2As2 in its experimentally ob-
served stripe antiferromagnetic ground-state for x = 0.0
up to x = 0.15. The substitutional disorder induced by
Co on Fe positions was dealt with on a CPA level which
was earlier shown to be fully equal to a comprehensive
supercell calculation.33 Magnetic moments of 0.73µB for
undoped BaFe2As2 were reproduced and additionally a
reasonable magnetic behavior for increasing Co substitu-
tion with a continuous decrease of the magnetic moments
until a collapse of the antiferromagnetic order at 15% Co
concentration was reached. This is in good agreement
with experimental behavior.41,42,48
Concerning ARPES most experimental data available
is actually insufficient to talk about in-plane anisotropy
due to twinning effects during the phase transition from
the nonmagnetic tetragonal to the antiferromagnetic
orthorhombic phase. A complicated detwinning pro-
cess, typically with uniaxial stress on the single crystal,
is necessary to gain anisotropic data of the electronic
structure.28,29 Referring to the available experimental
data it was possible to reproduce the electronic structure
of BaFe2As2 in very good agreement with experiment.
The Fermi surface shows all important anisotropic fea-
tures, namely some bright spots of intensity along the an-
tiferromagnetic order along the a-axis and more blurred
pedals along the ferromagnetic order along the b-axis.
Also in agreement with experiment a strong dependence
on the polarization of light was found, been either par-
allel to the ferromagnetic or to the antiferromagnetic or-
der, indicating the strong multiorbital character. For
comparison the Fermi surface of the nonmagnetic phase
as well as a hypothetical Fermi surface for a twinned
ARPES measurement as a superposition of two antifer-
romagnetic cells rotated by 90◦ to each other was shown.
Both were again in agreement with experiment. In addi-
tion to the anisotropic kz dispersion some focus was put
on the anisotropic band structure along the a- and b-axes
and it was compared to the nonmagnetic case. One could
identify the important anisotropic bands and these could
be interpreted in terms of band splitting for the ferro-
magnetic chains along the b-axis, principally comparable
to typical ferromagnetic band splitting as observed for
example in Ni.
In addition the evolution of these anisotropic bands for
small steps of x in Ba(Fe1-xCox)2As2 was presented un-
til the breakdown of long-range antiferromagnetic order.
The decreasing band splitting and a continuous match-
ing of the anisotropic bands could be reproduced in great
detail and consistent with experimental findings.
Finally the so-called determinant condition
1/|D(E,k)| was used to evaluate possible surface
states of the band structure. It was possible to identify
steep bands along the a-axis as surface states. These are
at least partially responsible for the characteristic bright
intensity spots in the electronic structure along the
a-axis and can also be seen in experiment. Interestingly,
these surface states are only visible near the Fermi
level for an As-terminated surface. It was shown that a
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Ba-terminated top-layer acts as some kind of damping
which moves the surface states far away and blurs the
electronic structure. Significantly better agreement with
experimental data is found for an As-terminated surface.
This leads to the conclusion that an As-terminated
surface would be most likely, an issue that is in fact
experimentally not convincingly clarified.56,58,59 Some
Ba adatoms might be still possible but one would expect
a negative influence on the quality of the measurements.
To conclude, this publication was successful in repro-
ducing the strong in-plane anisotropy of BaFe2As2 and
its behavior under substitution in very good agreement
with experiment using ARPES calculations. These cal-
culations allow even predictions on possible surface ter-
minations.
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